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Abstract

This document describes the measurement system and the measurement data analysis of measuring a composite
profile's coefficient of thermal expansion. The Measured C-profile is aframe structure of to the MSGC rod. The
C-profile's coefficient of thermal expansion (CTE) is measured by strain gages. The results are the CTEs for the
C-profile and a study of errors.
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1 Introduction

Under athermal load, the material will change shape proportional to the amount of temperature change
multiplied by its coefficient of thermal expansion. The coefficient of thermal expansion (CTE) indicates how
much the shape of the material will change for each degree of temperature change. CTE can be assumed to be
linear in small temperature regions. These measurements are based on this assumption.

The measured object is a composite C-profile. The C-profileis used as aframe in the MSGC rod. The C-profile
is made of carbon fibre by pultrusion. The fibresin the C- profile are al oriented longitudinally.

1.1 Different possibilitiesfor the measuringthe CTE

1.1.1 Measuringthelength

By measuring a beam's length at different temperaturesit is possible to calculate the CTE. However an accurate
arrangement is quite difficult to build. There are already available that kind of applications. At the Technical
Research Centre of Finland is so called dilatemeter that could have been used for this application. Also
interferometers are suitable.

In adilatemeter there is a cylinder in which the object is placed. Then atemperature cycleis run and the length
of the object is measured at different temperatures. The dilatemeter is probably more accurate than a strain gage
application. However there were some weaknesses that rejected the use of the dilatemeter. With a dilatemeter
and an interferometer CTE can be measured only in one direction. There would be a so problems with fitting the
C-profile into dilatemeter's cylinder. The C-profile wouldn't fit in the cylinder as awhole piece.

1.1.2 Measuringthestrain

Another possibility isto measure the strain with strain gages. With multiple strain gages the strain can be
measured in every direction.

Strain gages have matched temperature characteristics. In other words, the strain gage's CTE is usually the same
asthe CTE of the measured material. For usual measurements this is desirable because rough stress and strain
calculations don't need a temperature correction. Now it was a bit unwanted because strain gages showed now an
"apparent strain”. The "Real strain” can still be calculated from the difference between the "apparent strain" and
the strain gage's "free strain”. The strain gage has also non-ideality, which means that the output is function of
the temperature. Thisisusually also called the "apparent strain”. Now it is called a"correction strain" as a more
descriptive term in this case.

The problems of this system are inaccuracy in strain gages and the voltage measurement over gages. Strain
gages have always some error in CTE, resistance and gage factor. Strain gages have a so transverse sensitivity
and they might be glued in awrong angle. Generally length-measuring-applications are probably more accurate,
but as said length-measuring-applications measure CTE only in one direction and they don't indicate bending.



2 Measurements

2.1 Arrangement

The resistance is measured by 4-wire coupling. Two of the wires are for a constant current source and the rest
two wires are for adigital multimeter. The multimeter used was HP 3458A. Data was acquisited by an HP 3495
scanner and a PC-computer through an HP-I1B bus. These equipment were provided by the of Laboratory of
Strength of Materials at the Helsinki University of Technology.

According to the HP's specifications [1], the multimeter'sinput impedance is very high (>10GQ) and the
resistance over the strain gage is 120Q2. Thus it can be assumed that all the current flows through the strain gage.
The linearity for the HP 3458A is specified at 0.1 ppm [2] ("parts per million" equals 10°).

The strain gages areinstalled in an array. There is also areference resistor in the array. The reference resistor is
aVishay S102 120Q. According to the Vishay's specifications the value of the resistance changes (0+1) ppm/°C
[3]. Thereference resistor is at a constant temperature during the measurements. The reference resistor indicates
the changes of the current (Fig. 1). The current doesn't remain exactly constant. It changes and can be corrected
in the calculations by voltage over the reference resistor [4].

Figure 1: Reference resistor and strain gage.

Multiple strain gages were attached to get a statistical confidence. Seven stain gages were glued longitudinally to
the C-profile and three strain gages transversally (Fig. 2). Two strain gages were glued to steel and one to
aluminium to verify the calculations (Fig. 3). The strain gages were type KFG-5-120-C1-11L 3M 3R of the
Kyowa Electronic Instruments CO, LTD.



L ong

d
7 on

Figure 2: Longitudinal and transversal directions on C-profile.

Figure 3: Strain gages glued to steel and C-profile.

An oven was used for
put into awell-isolated
temperature transducer
was run. There were also
box to increase the

heating. The objects were
box in the oven with a

and the temperature cycle
some big metal objectsin the
stability of the temperature.

When the temperature had reached a stationary state, the
measurements were performed and the oven was
heated to another temperature.

2.2 Calculations

AR
The relative change of resistance E is proportional to the relative change of length, strain g, multiplied by a

gage factor k:

ﬁ:kA—L:kE 1)
R L

The relative change of voltage is equal to the relative change of resistance. The strain can be calculated roughly
by the solving strain from (1):

AR _U-U,

E=——=
kR kU,

@)

In equation (2) U isthe measured voltage after heating and U, is the voltage before the heating. If the current
doesn't remain constant, we can correct the voltage by multiplying with the relation of the reference voltage. U,
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is the reference voltage at the begin of the measurements and U, isthe reference voltage at each measurement
temperature. The corrected voltage is now U [4]:

U =LLJJR°U ©)
R

And now we can obtain a more accurate strain from [4]:

3 =1(UUR° —1) (4
k\U, Ug

According to Kyowa's specifications the "correction strain” (usually called apparent strain) £_isafunction of the
temperaturet [°C]. g, isin ppms.

Ec =—26+23t- 0.056t2 + 0.00033t* — 0.00000035t * (5)
The corrected strain g is:
E=¢& — & (6)

With Equations (4) and (5) we can evaluate the "apparent strain” in Equation (6). After that we can calculate
how much the strain gage would extend freely. This strain is called the "free strain”. The "Real strain” is now the
difference between the "apparent strain” and the "free strain”. Finally we can calculate CTE by dividing the
difference by the temperature difference. In Equation (7) o isthe unknown CTE, o, isthe strain gage's CTE.
AT isthe temperature difference the between start and the end temperatures, in other words the temperature
cycle. It may be abit confusing to add the term o, AT to the "apparent strain". Thisis done because the
"apparent strain” is now negative and we want to get difference. (A person who is familiar with strain gages may
feel abit confused because now the "apparent strain” has different meaning than usual.)

a= 1(UURO _1]—5(;—|ra'sG AT S )
k\U, Ug AT

Thereis aso another way to calculate the CTE. If there is an available reference material that has an exactly
known CTE, the unknown CTE can be calculated from the strain difference between the known and the
unknown materials. Strains can be calculated:

g:(a—aSG)AT (8)

Erg = (cxref —aSG)AT 9)



Equation (8) gives strain for the unknown and Equation (9) for the known reference material. From (8) and (9)
can be solved [5]:

ol &
A=Ogt =y +Tref (10)

The strain gage's "correction strain” doesn't have effect now as we can see from (10). Thisis aso a used method
to measure CTE [5].

2.3 Errors

2.3.1 Differentials

We can calculate the error for Equation (7) with a differential:

oo
Aa=—AX ~ A 11
@( i G ( )

The error of the strain gage's CTE shows to be the dominating term. It is about 10 times greater than the other
terms. There is no exact value for this error, but it is between (0.1..1) um/°C. Kyowa guarantees 1 um/°C for
every strain gage, but strain gages from same process are much more accurate [5].

The error for Equation (7) is:

oo
Aa=—AX ~ Ac 12
@( i ref ( )

Now the error of the known material's CTE is dominating. In this case the error is easily larger than in the first
case, but we can get a confirmation for calculations.



2.3.2 Thetransverse sensibility and the angle error

Some error sources are invisible in the differentials Equations (11) and (12). Strain gages can be misaligned in a
wrong angle and the strain gage has (-0.17 + 0.49) % transverse senditivity. These errors are usually quite small
and can be neglected in most applications. Let us assume that the longitudinal CTE is-0.3 um/°C, the transversal
CTE is 30 um/°C and the strain gages are glued in awrong angle between -1° and 1°. These errors are
important only in calculating the longitudinal CTE, because then the more expansive direction is perpendicular
to the strain gage (Fig. 4).

The transverse sensitivity will affect on the standard deviation of measurements and the error isincluded in the
standard deviation. There is also a possibility to correct the error by calculations. The correction can be done by
subtracting ,, from the "real strain”, which describes that perpendicular strain affects -0.17% on the strain
gage's output when temperature difference isAT:

; -017%
= 100%

1

= "30-10° AT (13)

The angle error has also aremarkabl e influence, because the absolute value of the transversal CTE is 10 times
the absolute value of the longitudinal CTE. The angle error affects on the results by making the CTE more
positive, because the transversal CTE is positive. An average value of the absolute angleis 0.5°. Error in the
strain ¢, is calculated with the following equation when the strain gages are glued in a0.5° angle:

=(-0.3c0s05° +30sin05°)AT-10°° 1c ~ (-0.30+ 0.26)AT -10°° 1(: (14)
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Figure 4: The strain gage in the right and wrong angle. Fibre orientation is horizontal.

From Equation (14) can be seen that a strain gage has almost zero output if itismisaligned by 0.5°. After an
examination it showed up that this was arealistic average error for angle. Thisis a source of systematic error if
not corrected. Errors (13) and (14) can be combined:

£ = 30(sSiN0.5° —0.0017)AT -10°° 1C (15)



Theterm g, is subtracted from the "real strain" before the CTE is calculated from Equation (7).

tot

3 Reaults

Asaresult of the calculations and the study of errors, the longitudinal CTE is obtained from:

1( U Ug, j 1
o =|—|— -1l-¢.—-¢_,+a AT |— (16
par |:k(uo UR C tot G AT ( )

The CTE perpendicular to the symmetry axisisn't sensitive to transverse sensitivity or angle error. It is obtained
from:

U
a= 1[U RO —1]—gc+cx3G AT | L )
U, U, AT

The temperature cycle was run from 16.6 °C to 38.1°C and to 66.5 °C. The voltage measurements were done
five times at each temperature. Previous measurements were done with a greater amount of voltage
measurements. Standard deviation remained on the same level even if the amount of voltage measurements was
reduced. The temperature was stable during the final measurements and the deviation of the voltages remained
constant.

The selection of the temperature cycle was difficult, because alarge cycle is better for accuracy, but there can
also be some non-linearity. It seems that the longitudinal CTE becomes a bit more negative, when the
temperature increases. The CTE close to the room temperature is adequate in this case.

Strain gages were glued to the flange and to the waist of the C-profile to indicate bending. No indications for
bending were found. Thermal expansion of the flange and the waist seemed to be equal.

Asaresult it can be concluded that at room temperature the longitudinal CTE is (-0.5 + 0.4) um/°C and the
transversal CTE is (30 + 2) um/°C.



4  Discussion

The same results were also obtained by calculating with the reference material (Equation (10)). The deviation
was larger in that case, but it gave confirmation to the previous results. More confirmation could be achieved by
calculating already known CTEs. The CTEsfor steel and aluminium matched quite good to the known values.
The steel measurements gave a CTE of 12 um/°C and pure aluminium 23 pm/°C.

From material tables we can get some known values[6]. For XA-fibresthe longitudinal CTE is-0.26 um/°C and
the transversal CTE 26 um/°C. For HM-fibres the values are -1.3 um/°C (longitudinal) and 25 um/°C
(transversal). The measured longitudinal CTE is between those values, while the transversal CTE is dlightly
bigger.

The error limits are taken from the standard deviation in measurements and rounded upwards. Thisis done
because all remarkable errors (strain gage's CTE, transverse sensitivity and angle error) are included in the
standard deviation. If there were also remarkable errorsthat are "invisible" in the standard deviation, those errors
should be added to the standard deviation.

The error, 0.4 um/°C, is very big compared to the absolute value 0.5 um/°C, but 0.4 is um/°C aready close to
the minimum value of error of the strain gage's CTE. Strain gages may not produce the smallest error. Other
applications could be more accurate, especially when the CTE's absolute value is under 1 um/°C. Nevertheless
every material has adeviation and CTE isfunction of temperature. CTEs are always some sort of average
values.
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7 Appendix 1: Temperature corrections

Corrections to the strain and gage factor according to the Kyowa's specifications (Kyowa's KFG-5-120-C1-

11L 3M 3R strain gages). Graphs of temperature dependence (Fig. 1 and Fig. 2) and tables to calculate values are

shown here.

The strains are calculated at different temperatures and the "correction strain™ is the difference between the

strains (Table 1). Correction strain graph follows equation:

£c =—26+2.3t—0.056t + 0.00033t* — 0.00000035t* (1)

Correction strain

5T
210 +
215 |
220 +

25 1

Strain (ppm)

230 4
35 1

.40 1+

-45

45

55 65

Temperature

Figure 1. The "correction strain” as afunction of temperature.

Table 1: The"correction strain” (in ppms) calculated at the measuring temperatures.

T1

16.6

T2

38.1

Correction strain

-1.76842
-2.14658
-0.3782
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The gage factor is aso afunction of temperature, but very dightly (Fig. 2). Gage factors are also calculated at

measuring temperatures (Table 2).

Gage factor

2112

211 +

2.108 +

2.106 +

2.104 +

2.102 +

2.1

Corrected gage factor

115/ 25 35 45 55 65
2.098

Temperature

Figure 6: The gage factor as a function of temperature.

Table 2: The gage factor calculated at measuring temperatures.

T Gage Factor
16.6 2.0991
38.1 2.1033
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8 Appendix 2: Exampleto calculate CTE

An Exampleto calculate the CTE from measurement data. Average values are calculated from the voltage

measurements.
azﬁuum
k\U, Uy

aw:l(uum
' k\U, Ug

—1] —&ctag AT}

1
AT

—l] —&c— & T A AT}

@

1
AT

@)

The calculations follow Equation (1) with transverse sensitivity and angle error correction (2) as described
before. From voltage measurementsiis cal cul ated average values. The strains are corrected and the "real strains'
got. The "free strains' are added. Strains from the transverse sensibility and the angle error are subtracted when
the longitudinal CTE is calculated. Thisis called the "Transverse Correction”. Finally the CTEs are got by
dividing the free strains by the temperature cycle. Average values with standard deviations are in the box.

Calculation example

CTE for strain gage

11.7

Temperature
Corrected strain [ppm]
Corrected gage factor

16.6
0
2.0991

Average Voltage
Stdev

Temperature
Corrected strain [ppm]
Corrected gage factor

38.1
-0.378
2.1033

Average Voltage
Stdev

Real Strain

Free strain
Transverse Correction
CTE

Ref

1.016794
1.016795
1.016795
1.016795
1.016794
1.016795
5.47E-07
1.016797
1.016796
1.016796
1.016796
1.016796
1.016796
4.47E-07

Parallel

1.016914
1.016913
1.016912
1.016911
1.01691
1.016912
1.58E-06
1.016385
1.016383
1.016383
1.016383
1.016382
1.016383
1.1E-06
-0.00025
0.000252
4.53E-06
-2.7E-08

Parallel

1.016713
1.016712
1.016712
1.01671
1.016709
1.016711
1.64E-06
1.016174
1.016174
1.016173
1.016172
1.016171
1.016173
1.3E-06
-0.00025
0.000252
4.53E-06
-2.4E-07

Perp

1.016401
1.016402
1.016403
1.016405
1.016408
1.016404
2.77E-06
1.017208

1.01721
1.017212
1.017213
1.017213
1.017211
2.17E-06
0.000377
0.000252

2.92E-05

Steel 1

1.015713
1.015713
1.015714
1.015714
1.015713
1.015713
5.48E-07
1.015731
1.015729
1.015731
1.015731
1.015731
1.015731
8.95E-07
7.68E-06
0.000252

1.21E-05

Steel 2

1.01509
1.015091

1.01509

1.01509
1.015091

1.01509
5.48E-07
1.015093
1.015095
1.015093
1.015093
1.015094
1.015094
8.94E-07
1.13E-06
0.000252

1.18E-05

Alum

1.016094
1.016094
1.016095
1.016096
1.016096
1.016095
1E-06
1.016628
1.016629
1.016631
1.016632
1.016633
1.016631
2.07E-06
0.00025
0.000252

2.33E-05
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Parallel | Parallel | Parallel | Parallel | Parallel Perp
Temperature|16.6 1.016193| 1.016519| 1.015372| 1.015065| 1.015899| 1.014102
Corrected strain [ppm]|0 1.016192| 1.016517| 1.015371| 1.015065| 1.015896| 1.014105
Corrected gage factor|2.0991 1.016191| 1.016516| 1.01537| 1.015063| 1.015896| 1.014107
1.016189| 1.016516| 1.015367| 1.015063| 1.015895| 1.01411
1.016189| 1.016514| 1.015368| 1.015062( 1.015892| 1.014115
Average Voltage 1.016191| 1.016516| 1.01537| 1.015064| 1.015896| 1.014108
Stdev 1.79E-06| 1.82E-06| 2.07E-06| 1.34E-06| 2.51E-06| 4.97E-06
Temperature|38.1 1.01565( 1.015952| 1.01483| 1.014508| 1.015333| 1.015013
Corrected strain [ppm]|-0.378 1.01565| 1.015949| 1.014829| 1.014508| 1.015332| 1.015015
Corrected gage factor|2.1033 1.015648| 1.015948| 1.014826| 1.014506( 1.015331| 1.015018
1.015646| 1.015947| 1.014826| 1.014504| 1.015329| 1.015019
1.015645| 1.015946| 1.014825| 1.014505| 1.015327| 1.01502
Average Voltage 1.015648| 1.015948| 1.014827( 1.014506| 1.01533| 1.015017
Stdev 2.28E-06| 2.3E-06| 2.17E-06| 1.79E-06| 2.41E-06| 2.92E-06
Real Strain -0.00025| -0.00027| -0.00025| -0.00026( -0.00026| 0.000426
Free strain 0.000252( 0.000252| 0.000252| 0.000252| 0.000252| 0.000252
Transverse Correction 4.53E-06| 4.53E-06| 4.53E-06| 4.53E-06| 4.53E-06
CTE -3.4E-07| -8.8E-07| -3.4E-07| -6.7E-07| -8.3E-07| 3.15E-05
CTE Par Perp
Average |-4.768E-7 2.956E-5
Stdev | 3.226E-7 1.808E-6
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